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Abstract. The minimal seesaw extension of the Standard Model requires two electroweak singlet fermions
in order to accommodate the neutrino oscillation parameters at tree level. Here we consider a next to minimal
extension where light neutrino masses are generated radiatively by two electroweak fermions: one singlet
and one triplet under SU(2). These should be odd under a parity symmetry and their mixing gives rise
to a stable weakly interactive massive particle dark matter candidate. For mass in the GeV-TeV range, it
reproduces the correct relic density, and provides an observable signal in nuclear recoil direct detection
experiments. The fermion triplet component of the dark matter has gauge interactions, making it potentially
detectable at present and near future collider experiments.
1. Introduction
It is well established that most of the matter content of the Universe is in the form of Dark Matter (DM).
The latest observations of the Cosmic Microwave Background anisotropies [1] implies that the DM relic
abundance in the ΛCDM model is
ΩDMh2 = 0.1198 ± 0.0015 , (1)
where h = 0.678±0.009 is the scale factor for Hubble expansion rate [1]. The value of the relic abundance
can be explained in terms of Weakly Interactive Massive Particles (WIMPs). This class of particles are not
part of the Standard Model (SM) indicating the necessity to go beyond. The existence of DM motivates,
in part, searches of new particles in particle accelerator like the Large Hadron Collider (LHC).
In general words, WIMP-DM particles can easily reproduce the observed value of the relic abundance
thanks to the freeze-out mechanism. This mechanism comes from the combined effect of the expansion
of the Universe and the interaction rate among DM and the primordial plasma during the early Universe.
For WIMP particles in GeV–TeV range, the relic abundance is
ΩWIMPh2 ' 0.13 × 10
−26 cm3/s
〈σv〉 , (2)
where 〈σv〉 is the DM thermally averaged cross section. The correct value of ΩDMh2 is then obtained
when 〈σv〉 is of the order of weak interaction cross sections i.e. 3 × 10−26 cm3/s. In minimal scenarios,
ar
X
iv
:1
60
1.
06
55
4v
1 
 [h
ep
-p
h]
  2
5 J
an
 20
16
Standard Model Fermions Scalars
L e φ Σ N η Ω
SU(2)L 2 1 2 3 1 2 3
U(1)Y -1 -2 1 0 0 1 0
Z2 + + + − − − +
Table 1. Matter content.
DM models are constructed on top of the SM providing also new mediators to act as portal between the
dark and visible sectors. However, it seems reasonable that DM is part of dark sector that includes new
particles and interactions like in Supersymmetric, extra dimensions [2], or dark gauge group models [3].
On the other hand, neutrinos also give an indication that the SM is not complete. In the SM, neutrinos
are massless but the observation of neutrino oscillations indicate the contrary, i.e. they are massive and
with the largest mass squared differences of ∼ 10−3 eV2 [4, 5]. The most known mechanism of neutrino
mass generation are the so called see-saw models (see for instance [6] and references within), where
the smallness of neutrino masses is generated at tree level by extremely heavy states such in the case
of the Type-I see-saw. However, it is also possible to generate the neutrino masses via loop processes.
One realization are the scotogenic models [7, 8]. In one of its versions, the SM is enlarged with an extra
SU(2)L doublet scalar and a majorana fermion singlet. In another version, it gets an extra SU(2)L doublet
scalar but a SU(2)L fermion triplet with zero hypercharge. In this type of models, an ad-hoc symmetry is
imposed and therefore neutrino mass generation at tree level is forbidden. This scheme is very tantalizing
due to that the ad-hod symmetry allows to have a DM candidate.
Our model [9] is based on a mixed realization of the scotogenic models. We show that in this scheme
the phenomenology is richer and allows to have a WIMP-DM candidate with a sizeable interaction with
quarks and a mass ranging from GeV to TeV.
2. The model
As previously stated, the model is a mix realization of two scotogenic models. Besides the particle content
of the SM, we have included a majorana fermion singlet N, a SU(2)L fermion triplet Σ, a SU(2)L scalar
triplet Ω; the latter three are without hypercharge, and finally a SU(2)L scalar doublet η. The new fields,
except Ω, are charged with a Z2 symmetry that ensures the DM stability. Due to Ω is not protected by the
symmetry, it will participate in the spontaneous symmetry breaking of the SU(2)L× U(1)Y SM group. All
the matter content of the model is summarized in Tab. 1.
Using the symmetries described in the matter content, we write the lagrangian of the model
L ⊃ −Yαβ Lαeβφ − YΣαLαCΣ†η˜ −
1
4
MΣTr
[
Σ
c
Σ
]
+
−YΩTr
[
ΣΩ
]
N − YNαLαη˜N −
1
2
MNN
c
N + h.c. − Vscal, (3)
where YX stand for yukawa couplings, MX are mass terms of Σ and N, and Vscal is the scalar potential.
The details about the scalar potential are in Ref. [9].
The neutrino masses arises at one loop mainly due to the terms LηN and LΣη present in the lagrangian.
Figure 1. Annihilation cross section versus DM mass. More details in Ref. [9]
We obtain that the neutrino mass matrix in the flavor basis is
Mναβ =
∑
σ=1,2
hασhβσ
8pi2
λ5v2h
m20
Mk , (4)
where hασ is a 3 × 2 matrix that encodes the values of the yukawa terms YΣ and YN . λ5 and m0 are terms
coming from the scalar sector. vh is the vacuum expectation value of the doublet φ, and Mk the masses of
the mass eigenstates from the mix of N and Σ0 (neutral component of the triplet Σ).
The model contains two possible DM candidates. One is the neutral component of the scalar doublet
η which has a similar phenomenology to the inert higgs model; and the second is the fermion which is a
combination among N and Σ0. In our analysis, we focus on the fermion DM candidate. The two neutral
fermions mass eigenstate are combination of N and Σ0 and we will denote as χ01,2. This class of mixed
state, between singlet and triplet, was not possible in the traditional versions of the scotogenic model.
In our model, this is possible thanks to Ω that allows the term ΩΣN in the lagrangian. This term also
generates a mass splitting between the neutral and charged component of the triplet Σ which later it will
reveal to be essential for the DM phenomenology.
At this point, it is important to describe the mass spectrum of the fermion states:
mχ± = MΣ , (5)
mχ01 =
1
2
(
MΣ + MN −
√
(MΣ − MN)2 + 4 (2YΩvΩ)2
)
, (6)
mχ02 =
1
2
(
MΣ + MN +
√
(MΣ − MN)2 + 4 (2YΩvΩ)2
)
, (7)
tan(2α) =
4YΩvΩ
MΣ − MN , (8)
where vΩ is the vacuum expectation value of the neutral component of Ω and α is the mixing angle
between N and Σ0. Here it is easy to appreciate the role of vΩ breaking the degeneracy between χ± and
the χ0i with larger component of Σ
0.
We use the codes LanHEP [10–12] and MicrOmegas [13] to scan on the parameter space (See details in
Ref. [9]) including constraints from neutrino masses, perturvativity limits of the adimensional parameters,
and LEP [14] and CMS [15] searches on new charged particles. Also, we require that mχ01 < mχ
± ,mη. We
obtained the parameter space compatible with current relic abundance value (Eq. 1). The allowed region
is compatible with DM masses in the range of 10 to 104 GeV.
In Fig. 1, we present the result of the scan in terms of the annihilation cross section (relevant for
indirect detection searches) versus the DM mass. The color code corresponds to the value of
ξ =
MΣ − mDM
mDM
, (9)
which is related to the amount of Σ0 present in DM candidate. This quantity reveals three regimes. The
low DM mass corresponds to a DM which is mainly singlet N. This is the consequence of the LEP
constraints on charge particles. At the TeV masses, the DM candidate is mostly triplet. This is produced
due to annihilation channels to gauge bosons, coannihilation with χ±, and χ± annihilations. In the range
between 100 GeV to 1 TeV, the DM is more a mixed state N-Σ0. This regime is very interesting because
annihilations into quarks become relevant. This occurs because ΩΣN allows a higgs portal.
Same three regimes can be observed in Fig. 2 where we show the spin-independent cross section
versus DM mass. Let us highlight that in traditional scotogenic models the expected spin-independent
cross section is largely suppressed because DM can only interact with quarks via loops. However, in our
model, the direct detection signal is of the order of the reach of current experiments thanks to the higgs
portal produced by the term ΩΣN. In Fig. 2, we also show latest exclusion limits of XENON100 [16] as
reference.
3. Conclusions
The nature behind DM is still a mystery. WIMPs are the most attractive candidates due to many search
strategies. We have proposed a new scotogenic model that provide a neutrino mass mechanism at one
loop and a fermion WIMP-DM candidate. The fermion DM in this model provides features that are not
present in the traditional scotogenic models. One feature is the "tree level" spin independent cross section
that is at the reach of current and future direct detection experiment. Also, the DM mass can go from
10 GeV to 10 TeV which is broader with respect to previous models.
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Figure 2. Spin-independent cross section versus DM mass. More details in Ref. [9]
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